We report on the g factor measurement of the isomeric 7 − state (E * = 2219 keV, T 1/2 = 5.9(8) μs) in the neutron-rich 126 Sn nucleus. The nucleus was produced by the fission of a relativistic 238 U beam and reaction products were selected by the FRS fragment separator at GSI. For the first time, spin-alignment was observed after relativistic fission. It was used to deduce the g factor of the 7 − isomeric state, g(7 − ) = −0.098(9), from the measured perturbed angular distribution of its γ decay using the RISING Cluster detectors. The observed value confirms the suggested ν(h
In order to study electromagnetic moments of isomeric states, one needs spin-aligned nuclear ensembles. Through the observation of the rotation of the nuclear spin-aligned ensemble, as a time-dependent change of the γ -ray angular distribution (TDPAD) in a magnetic field, the nuclear g factor can be measured [9] . Spinaligned isomeric nuclear states are produced in several types of nuclear reactions [10] . The difficulty is to maintain the alignment up to the implantation point in cases where in-flight selection is performed. At relativistic beam energies, the first observation of spin-alignment in isomeric beams was reported by SchmidtOtt [11] using the projectile fragmentation reaction. For neutroninduced fission and relativistic fission reactions, alignment has not been observed yet and the reaction mechanism to produce oriented states via relativistic fission is not completely understood. However, spin-alignment is known to exist in spontaneous fission [12] and has been used to study the g factor of the 6 + isomer in 134 Te [13] .
The aim of the experiment reported here is to prove, for the first time, the presence of spin-alignment in projectile fission at relativistic energies. At the same time, the g factor of the 7 − isomeric state at 2219 keV in the neutron-rich isotope 126 Sn [6] was investigated. It is expected to be small due to the opposite sign of contributions by d 3/2 and h 11/2 neutrons in the leading (d 3/2 h 11/2 ) 7− configuration. Therefore it provides a crucial probe for small components in the wave function and for studying core polarization evolution away from 132 Sn. The experiment was performed at the GSI facility, where a 238 U beam was accelerated up to 750 MeV/u by the SIS-18 synchrotron, with a mean intensity of 10 8 pps. The beam impinged on a 1 g/cm 2 9 Be target placed at the entrance of the FRS spectrometer [14] operated in achromatic mode, allowing the selection of one charge state per element. A 221 mg/cm 2 Nb stripper foil was mounted behind the Be target in order to produce more than 99% of fully stripped fragments (as calculated with the LISE++ simulation code [15] ). Fully stripped fragments are required to maintain the eventual reactioninduced spin-alignment during transport through the FRS [16] . The nuclei of interest were selected and identified in two stages. In the first part of the FRS spectrometer, a selection in the longitudinal momentum distribution was carried out, in order to select a spin-aligned ensemble of isomers. As it has been shown already in fragmentation, that the spin alignment in the selected ensemble can be understood by simple kinematical arguments, and is related to its longitudinal momentum [11, 17, 16, 18] . Similar arguments can be used to understand how spin-alignment can be produced in a relativistic-fission reaction, considering the spin-alignment process that is known to exist in spontaneous fission [12] . In such a fission process, two fragments are emitted back to back with equal momenta in the center-of-mass system and their spins are preferentially oriented in a plane perpendicular to their emission direction. Thus if a cone of the ensemble of fragments emitted into 4π is selected, an oblate-aligned ensemble is obtained with the alignment symmetry axis along the emission direction [13] . When the fissioning nuclei have a relativistic energy, the fission fragments are emitted in a forward focussed cone, with a velocity that is spread around the beam velocity. Fragments with a lower/higher velocity correspond to fission products that were emitted anti-parallel/parallel to the beam direction. Thus by selecting the higher or lower part of the longitudinal momentum distribution of the fission fragments, an oblate spin-aligned ensemble could be obtained whereby the spins are aligned perpendicular to the beam direction. The FRS was tuned to select the higher part of this distribution on the group of fission fragments with Z = 50.
Using the Monte Carlo simulation code MOCADI [19] the calculated kinematic properties of 126 Sn ions produced in the reaction are presented in Fig. 1 . The longitudinal momentum distribution of the fragments is proportional to the magnetic rigidity (Bρ) and was measured by a position-sensitive scintillator detector. In front of it, we keep the slits fully open. Fig. 1 simulates the total fission fragment longitudinal momentum distribution. The momentum acceptance of the FRS, which is only 2% of this total distribution, is indicated around the selected window. Fig. 1 illustrates the limitation of the spectrometer and the difficulty in selecting fission fragments. Based on previous studies a cut was made in the longitudinal momentum close to the maximum value of the magnetic rigidity (Bρ).
Once this momentum selection was performed, a further selection was accomplished using an achromatic Al wedge shaped degrader of 5 mg/cm 2 at the intermediate focal plane (more than 90% of the ions remained fully stripped after they passed this degrader). The identification of the reaction products in A/q and Z was performed in the second half of the FRS using the various detectors in the beam line, see [20] for details. The settings of the FRS allowed to select only fully stripped ions at the final focal point. The probability for electron pick-up in this final part of the beam line has been limited to less than 10% [21] by limiting the thickness of the final energy degrader just in front of the experimental set-up. After this degrader and before entering the set-up the beam intensity was 2.2 × 10 4 ions/s and the energy about 300 MeV/u. We expect a value for the isomeric ratio, around 10%, similar to the one obtained in [22] . In order to sufficiently reduce the beam energy prior to implantation in the Cu host, a 20 mm plexi-glass degrader has been fixed to the Cu stopper [16] . An air gap between the plexi-glass degrader and the stopper was avoided by putting a thin layer of grease between them. Thus the randomly oriented electron spins were decoupled from the nuclear spins as soon as the isomers reached the plexi-glass degrader and up to the implantation point in the Cu host, allowing to maintain the nuclear spin-alignment. Because the FRS is a zero-degree fragment separator, the spin-alignment symmetry axis is parallel to the beam axis at the implantation point [16] . The spin-aligned beam was implanted into an annealed high-purity 2 mm thick Cu foil (cubic lattice structure), placed between the poles of an electromagnet providing a vertical magnetic field of B = 7000(10)G, whose direction was periodically switched. A plastic scintillator at the focal plane of the FRS, placed upstream of the magnet, was used to provide the t = 0 signal for the γ -decay measurement, based on an event-by-event ion-gamma correlation [16] . The isomeric γ decays were measured during a 16 μs time window by the RISING array composed of eight former EUROBALL Cluster detectors [23] , each containing seven encapsulated HPGe crystals. Each crystal had a relative efficiency of ∼ 60% and an energy resolution of ∼ 2 keV at 1332 keV. The detectors were placed in the horizontal plane at ±45, ±75, ±105 and ±135 degrees relative to the beam direction. The prompt atomic background radiation was eliminated from the γ -spectra by placing a hardware gate of 600 ns, thus making time analysis prior to this time impossible. More details on the experimental set-up and measuring procedure can be found in [21] , while information of the data taking and analysis procedures are described in [20] . Data was analyzed using the Spy/Cracow software [24] . Two previously known microsecond isomeric states in 126 Sn have been populated (Fig. 2) [6, 25] . Decay curves are obtained from the γ -time matrix by subtracting from each peak-decay curve a time spectrum produced in a background region near the peak.
For the 269 keV decay from the 10 + isomer a half-life T 1/2 (10 + ) = 7.5(3) μs (Fig. 3 top) is found, in good agreement with the earlier reported value of 7.7(5) μs [25, 26] . The decay curve of the 7 − isomeric level consists of two components: the direct decay from 7 − isomers implanted at t = 0 and the growth-decay curve originating from 10 + isomers decaying into the lower one after implantation.
The two component fit of the time spectrum of the 909 keV + 1141 keV, performed by keeping the half-life of the upper 10 + isomer fixed, allowed the half-life of T 1/2 (7 − ) = 5.9(8) μs (Fig. 3 bottom) and the ratio of the direct isomer population N 7 /N 10 = 0.9 (2) to be determined. The deduced half-life is in good agreement with the previously reported value 6.6(1.4) μs [6] . For the g factor determination the time-differential perturbed angular distribution (TDPAD) method [9] has been used. The background-corrected and normalized time spectra measured for the two field directions (up and down), are combined to produce the experimental R(t) spectrum:
Time spectra gated on the 909 keV and 1141 keV transitions registered at the angles θ = ±45 and θ = ±135, with respect to the beam direction have been used to create an R(t) spectrum with maximum amplitude (see [21] for details). The oscillation amplitude of the R(t) spectrum created with the detectors placed at θ = ±75 and θ = ±105 is reduced by a factor of two compared to that of the R(t) created with detectors in the geometry θ = ±45 and θ = ±135. In the present experimental conditions, characterized by a rather low degree of the nuclear alignment (see below), the R(t) spectrum corresponding to the detectors placed at θ = ±75 and θ = ±105 did not evidence any oscillation, and therefore these data were not included in the analyses. In the present case two cascade decaying isomeric levels with comparable half-lives are simultaneously populated in the nuclear reaction. The modulation ratio corresponding to γ rays that depopulated the upper 10 + isomeric state could not be fitted due to the low statistics for the 269 keV γ ray. The g factor of the 10 + state has been assumed to be g(10 + ) = −0.243 (the average value measured for the 11/2 − states in the neigbouring odd isotopes [27] with a similar (νh 11/2 ) hole configuration). The g factors for the 10 + state have been measured in 116 Sn and 118 Sn, with values of −0.2326(15) and −0.2447(7), respectively, and they agree within 7% with the g factors of the 11/2 − states in neighbouring odd-mass Sn [27] . A shell-model calculation [20, 29] predicts g SM (10 + ) = −0.238, agreeing well with this estimated value. The R(t) ratio for the 269 keV γ ray, constructed with a time calibration appropriate to observe the fast Larmor oscillations corresponding to the expected g factor, has large statistical errors, about 0.15 (three times larger than the errors of the R(t) for 909 + 1141 keV, see Fig. 4 below) . These large errors prevented the observation of low amplitude oscillations corresponding to the small alignment degree of this experiment (see below). The experimental R(t) spectrum for the sum of 909 and 1141 keV γ rays de-exciting the lower lying 7 − isomer is illustrated in Fig. 4a . In this case the modulated intensity is composed of two contributions: the cascade component coming from the 10 + state and the direct component coming from the reaction. The calculated modulation ratio, depending on the Larmor frequencies ω 10 and ω 7 that are describing the precession in the states 10 + and 7 − , respectively, has the form (see Ref. [28] ):
where R casc (t, ω 7 , ω 10 ) = b 2 cos α cos 2(θ − ω 10 t) − α)
and 
The values for the decay constants λ 10 and λ 7 and the ratio A 2 , where A 2 is the angular distribution coefficient dependent on the transition type and on the degree of spin alignment. The same coefficients b 2 were assigned to the direct and cascade decays, assuming identical alignments for the two isomers.
The contribution of the term R casc was dramatically reduced in our case on account of the cos α factor, which for the large applied magnetic field of 7 kG took a value of 0.0008. Therefore for fitting the experimental R(t) only the first term in expression (2) was used, with the amplitude b 2 and the Larmor frequency
as free parameters. As seen in Fig. 4a , the observed damping is well accounted for by the time-dependent amplitude
1+ A(t)
. From the least-squares analysis of the modulation curve, the g factor of the 7 − isomer g(7 − ) = −0.097 (9) , and the amplitude b 2 = 0.07(3), have been derived.
Since the period of the Larmor precession (∼ 1 μs, see Fig. 4a ) is shorter than the lifetime of the isomer (5.9(8) μs), an autocorrelation analysis was performed [16] . The calculated autocorrelation function (ACF(n)) has the form:
where f (k) represents the experimental data as a function of the channel number k, k 2 − k 1 is the observation window and n is the folding back window (n k 2 − k 1 ). The information from a 7 μs window have been folded back into a 2 μs time window (see Fig. 4b ). In the present experimental conditions and due to the smearing out of the oscillation pattern after 8 μs only data up to 7 μs have been included in the autocorrelation analysis to obtain the optimal amplitude. If data from later times are included the amplitude of the autocorrelation function is reduced. Fitting the autocorrelation data leads to a g-factor value of 0.103(6), which is 2 SM corrected for A dependence of core polarization. 3 Ref. [33] . 4 Ref. [34] .
in good agreement with the value obtained from fitting the raw R(t), see Fig. 4b . Note that in this case phase and amplitude have no longer a physical meaning. As a last step, we have performed a Fast Fourier analysis (FFT), which reveals a peak at 2ω L = 6.2(6) MHz (Fig. 4c ), corresponding to a g factor of 0.092 (9) , in agreement with the values deduced by the other analysis procedures.
As a final value, we adopt the mean from the different analysis procedures, resulting in g(7 − ) = −0.098(9).
In Table 1 this value has been compared to the g factors of other 7 − states in even-Sn isotopes with main quasi-particle con-
3/2 ). The Schmidt value for this configuration is g schmidt = −0.11, which is close to the observed experimental values and confirms that this is the leading configuration of these isomers. The extreme sensitivity of g (7 − ) to small components in the wave function due to the partial cancellation of the d 3/2 and h 11/2 contributions of opposite sign allows a more detailed discussion. Extended untruncated shell-model calculations in the full N = 50-82 neutron space (g 7/2 , d 5/2 , d 3/2 , s 1/2 , h 11/2 ), were recently performed for the whole Sn region down to 124 Sn, using a realistic two-body interaction based on the CD-Bonn interaction and 88 Sr as a core [20, 29] . The obtained g factors using free and effective single nucleon values are given in [31] . Apart from extracting the g factor for this isomeric state, another goal of this work was to establish whether and how much alignment can be produced in a relativistic fission reaction. The amplitude of the experimental R(t) curve (Fig. 4a) is indeed related to the amount of alignment that is present in the implanted ensemble of isomers [18] . From the experimental amplitude b 2 = 0.07(3), and considering the angular distribution coefficient for total alignment A max 2 = 0.51 [32] for the stretched E2 cascade (4 → 2 → 0), we find an alignment A = 18(8)%. Herewith, we have proven for the first time that isomers produced in a relativistic fission reaction and subsequently selected as fully-stripped ions through a fragment separator, are aligned and can maintain their alignment during the in-flight selection process. The observed amount is similar to that observed for fragments produced in an intermediate-or high-energy projectile fragmentation reaction (order of 10-20%).
In conclusion, for the first time a spin-aligned isomeric ensemble was observed in a relativistic-fission reaction. A comparison with the shell-model calculation for the g factor of the 7 − state in 126 Sn supports the assigned configuration and reveals details on small admixtures in the wave functions both from inside and outside the pure neutron model space. The amount of spin alignment deduced from this experiment and the fact that it can be maintained during the in-flight selection process, opens the possibility for further investigations on electromagnetic moments of exotic nuclei produced in relativistic fission.
